Division of labor is fundamental to the success of all societies. The most striking examples are the physically polymorphic worker castes in social insects with clear morphological adaptations to different roles. These polymorphic worker castes have previously been thought to be a classic example of nongentically controlled polymorphism, being mediated entirely by environmental cues. Here we show that worker caste development in the leaf-cutting ant Acromyrmex echinatior has a significant genetic component. Individuals of different patrilines within the same colony differ in their propensities to develop into minor or major workers. The mechanism appears to be plastic, with caste destiny resulting from interplay between nurture and nature. Unlike the few other recently discovered examples of a genetic influence on caste determination, the present result does not relate to any rare or exceptional circumstances, such as interspecific hybridization. The results suggest that a significant role of genetics may have been overlooked in our understanding of other complex polymorphisms of social insects.
D
ivision of labor amongst individuals has been fundamental to the success of all societies, improving the efficiency with which tasks are carried out and thereby the fitness of the society as a whole. It is perhaps best exemplified by the extraordinary colonies of some social insects in which sterile workers exhibit extreme differences in their morphologies that are related to their specific roles (1, 2) . The development of physically polymorphic worker castes is generally accepted to be controlled solely by nongenetic cues, such as nutrition and inhibitory pheromones (1) (2) (3) (4) (5) (6) (7) . The effects of such environmental cues are mediated by hormones, which act at specific thresholds to cause a developmental switch involving differential gene expression (8) . These act by reprogramming the critical size at which the larva begins metamorphosis or the allometric growth parameters of body parts (4) . This nongenetic control of caste determination has indeed been considered to be essential to the evolution of division of labor, both in preventing the evolution of parasitic genotypes that specialize in reproduction and in avoiding colonies being genetically fixed in their caste production and unable to adapt to changing needs.
That queen caste destiny can in part be genetically controlled has been known for some years in several ant species (9) (10) (11) , and was recently demonstrated in Pogonomyrmex ants (12) (13) (14) . However, these intriguing results are all linked to unusual reproductive characteristics involving polymorphic queen castes or interspecific hybridization. These cases would thus appear to be merely rare exceptions to the rule of environmentally mediated caste determination. A number of studies have suggested that colonies of many ant species may differ in the size or ratios of their worker castes, and that these differences are maintained when environmental conditions are controlled (2, (15) (16) (17) (18) . These results are suggestive of genetic components being involved, but have remained inconclusive because the genetic and environmental influences could not be completely disentangled. It is now well established that honey bee workers with the same mother but different fathers (i.e., workers belonging to different patrilines within the same colony) can differ in their propensities to carry out various tasks (19) (20) (21) (22) (23) . It has been suggested that such genetic polyethism may enable colonies to adapt their task allocation to the needs of the colony more efficiently and so may provide an explanation for the otherwise hard to explain behavior of multiple mating by queens (polyandry) (24, 25) . Patrilinelevel comparisons provide a powerful way of separating genetic and environmental influences because nestmate workers from different patrilines have everything in common (maternal genes, environmental conditions during development) except their paternal genes. However, honey bee workers are monomorphic, and it has thus remained unclear whether such genetic influences on division of labor can be maintained once physical worker polymorphism arises.
One of the very few social insects that have been unambiguously demonstrated to have both high levels of multiple mating by queens and physically distinct worker castes are Acromyrmex leaf-cutting ants. Colonies of Acromyrmex are relatively large and long-lived, with a division of labor that is generally based on two physically distinct worker castes (26) . Small workers carry out predominantly intranidal tasks, including caring for the brood, farming the fungus garden, and preventing the entry of pathogens into the colony (26) (27) (28) (29) . Large workers engage in foraging, nest maintenance and, together with a bacterial mutualist, preventing infection of the fungus garden by a specialist fungal parasite (26) (27) (28) . Like other Acromyrmex species (30, 31) , Acromyrmex echinatior queens are highly polyandrous (10.6 Ϯ 1.0 matings per queen; S.S., W.O.H.H., J. S. Pedersen, and J.J.B., unpublished data).
Here we establish that there is a genetic component to worker caste polymorphism in the leaf-cutting ant A. echinatior. We first confirm that this species exhibits the same system of morphologically distinct major and minor worker castes as described above, and explicitly test whether colonies differ in the sizefrequency distributions of their worker populations. We then examine the relative paternal contributions made to the two worker castes in individual colonies. By testing for differences between patrilines within colonies, we eliminate the possibility that differences could have arisen because of different rearing conditions or other environmental effects.
Materials and Methods
Colonies of A. echinatior were collected from Gamboa, Panama, in 1996 and 2001, and maintained in the laboratory under standard conditions. They were fed regularly on bramble leaves (Rubus fruticosus) placed inside plastic boxes, and were allowed to build fungus gardens within inverted plastic beakers. All colonies were monogynous.
To estimate the size-frequency distributions of the worker populations of colonies of A. echinatior, we adopted a subsampling procedure for five colonies (Ae33, 48, 132, 153, and 154). As a representative sample, we removed 20% of the fungus garden of a colony together with all of the ants that this section † To whom correspondence should be addressed. E-mail: wohhughes@zi.ku.dk. ‡ contained. We also collected all of the ants that were present in the foraging box and any other ants that were outside the fungus gardens. The head widths of all of the ants collected were then estimated to the nearest 0.2 mm by eye, as has been done before (32) . The estimates were checked regularly with a microscope and graticule to ensure their accuracy. We compared the sizefrequency distributions of ants within the fungus garden with those in the foraging box to confirm that A. echinatior showed the same system of caste-specific division of labor as other species of Acromyrmex (26) . In addition, we compared the size-frequency distributions for the five colonies sampled by testing whether colonies differed in their proportions of large workers and small workers by using a G test for heterogeneity (33) .
To examine the contributions that the different patrilines within a colony made to the different worker castes, we collected samples of 100 small and 100 large workers (mean Ϯ SE: 0.84 Ϯ 0.01-mm and 2.0 Ϯ 0.02-mm head widths, respectively) from each of five colonies (Ae33, 48, 111, 112, and 113). These were collected from within the colony's fungus chamber on a single sampling date to control for any variation in paternity of cohorts. DNA was extracted from ant legs and amplified at four microsatellite loci: Ech1390, Ech3385, Ech4126, and Ech4225 (34) . Reactions were performed in 20-l volumes of 1 l of DNA, 1ϫ reaction buffer, 0.2 mM dNTPs, 0.5 units of Taq polymerase, and 0.25, 0.35, 0.35, and 2.0 M of the Ech1390, Ech3385, Ech4126, and Ech4225 primers, respectively. The DNA was amplified by multiplexing all four primers in Hybaid PCR Express Thermal Cyclers using a touchdown temperature program (35) . This process had an initial denaturing step of 94°C for 4 min followed by two touchdown sequences of six cycles each (first sequence: 92°C for 30 s, 65.0 to 64.0°C decreasing at 0.2°C per cycle, and 72°C for 30 s; second sequence: 92°C for 45 s, 55.0 to 52.5°C decreasing at 0.5°C per cycle, and 72°C for 45 s). These were then followed by a sequence of 20 cycles in which the denaturing temperature was 92°C for 45 s, 52°C for 30 s, and 72°C for 45 s. A final elongation step of 72°C for 60 min completed the amplification process.
PCR products were run on 5% polyacrylamide gels on an ABI377 automatic sequencer (Applied Biosystems). Allele sizes were scored by comparison with internal size markers, and the genotypes of the colony queens and their multiple mates were inferred from the multilocus offspring genotypes. Where the paternities of individual workers could not be reliably determined because of their being heterozygous and having the same alleles as a heterozygous queen, the workers were excluded from the analysis. Only the five most abundant patrilines were analyzed to avoid problems of low sample sizes. We used G tests for heterogeneity to examine whether the patrilines differed from the expected ratio (the total number of small͞large workers assigned to all five patrilines) in a uniform direction (33) . In addition, we partitioned the G values obtained to examine which patrilines differed from the expected ratio.
Results
The majority of individuals found within the fungus gardens were small workers, with almost half having head widths in the 0.8 Ϯ 0.1 mm size class (Fig. 1) . By contrast, the workers sampled foraging were among the largest members of the population, having head widths of Ϸ1.8 mm. There were very few differences in the overall size-frequency distributions of the five colonies examined (Fig. 2) , and there were no significant differences between them in the overall proportions of large workers to small workers in their colony populations (G Het ϭ 2.62, df ϭ 4, P Ͼ 0.05).
The ratios of small workers to large workers differed significantly between the patrilines for four of the five colonies examined (Ae33: G Het ϭ 50.7, df ϭ 4, P Ͻ 0.01; Ae48: G Het ϭ 15.8, df ϭ 4, P Ͻ 0.01; Ae112: G Het ϭ 10.99, df ϭ 3, P Ͻ 0.05; Ae113: G Het ϭ 24.2, df ϭ 4, P Ͻ 0.01) (Fig. 3) . These results all remained significant after adjusting for multiple tests with a sequential Bonferroni correction (33) . Although the fifth colony did not show any significant variation between the five most abundant patrilines (Ae111: G Het ϭ 2.76, df ϭ 4, P Ͼ 0.05), the two rarest of its eight patrilines each showed a strong bias toward large worker production [7 of 7 and 7 of 9 individuals; if all eight patrilines are included, then the analysis confirms there to be significant variation between patrilines in this colony as well (G Het ϭ 16.4, df ϭ 7, P Ͻ 0.05)]. The number of patrilines in which caste was significantly skewed toward one or other caste compared with the sample average, varied greatly from none of the most abundant patrilines in colony Ae111 to all five patrilines in colony Ae33 (Fig. 3) . Several patrilines exhibited a caste skew of Ϸ80%, with the greatest skew being 89% (the extreme 7 of 7 large worker production in one of the rare patrilines in colony Ae111 is likely to be due to the small number of individuals sampled). However, none of the fully sampled patrilines in any colony produced only a single worker morph.
Discussion
The worker populations of A. echinatior exhibit the same form of division of labor as that found in other species of Acromyrmex, with small workers specializing in intranidal tasks and foraging being carried out by large workers (26) . All of the colonies examined showed significant variation in the propensities of their patrilines to develop into these large or small workers. Workers from different patrilines within a colony share the same maternal genes, are exposed to the same environmental cues, and differ only in their paternal genes. Our results therefore conclusively show that there is a significant genetic component to the development of polymorphism in the worker caste of A. echinatior. The honey bee was previously the only social insect in which such a genetic influence on the division of labor between workers had been conclusively shown, and it had appeared that such an influence was impossible in species where physically distinct worker castes had evolved. The present results show that this is not the case and that genetic variation for caste predisposition, and thus division of labor, has been maintained in Acromyrmex ants.
Importantly, all of the patrilines that were fully sampled produced at least a small proportion of both castes. Individuals of a particular patriline are therefore not entirely restricted to developing into a single caste. Rather, they appear to be predisposed to develop into a particular caste, but are still capable of developing into the other caste as well, and in some cases will do so. Although this could be caused by the influence of maternal genes, it does suggest that the genetic control of worker caste in A. echinatior may be plastic rather than hardwired. Further support for the mechanism being plastic comes from the lack of significant differences between colonies in the size-frequency distributions of their total worker populations. Even given the high mating frequencies of the queens, it might be expected that, under a hardwired system of genetic control, significant differences between colonies would emerge. However, the differences that existed between colonies were negligible, with all colonies showing approximately the same (presumably optimum) distribution. In addition, genetic factors alone cannot completely explain morphological worker caste determination, because changes in caste ratios with colony age, and possibly in response to environmental stimuli, are known to occur in Acromyrmex (27) , and other polymorphic ant species (2, (36) (37) (38) . A combination of genetic and environmental effects would therefore seem to be necessary.
The results are strikingly similar to those found previously for task allocation in honey bees. Honey bee colonies are similar in population size to Acromyrmex ants, but their division of labor is based on monomorphic workers differing in their response thresholds for particular tasks (23, 39) . Like Acromyrmex ants, honey bees are highly polyandrous (40) , and numerous studies have demonstrated that worker patrilines differ in their propensities to carry out particular tasks (19) (20) (21) (22) (23) . This results in a genetically mediated division of labor that is plastic in operation and is thought to be caused by patrilines differing in their response thresholds to task-related environmental stimuli. A particular honey bee worker genotype may have a propensity to engage in a particular task because it has a relatively low response threshold for the relevant stimuli. However, it may still engage in other tasks if the stimuli levels are below this threshold. Similarly, workers of other genotypes may also engage in the task if the colony experiences a greater need for it or lacks a genotype with a high probability to perform it. It appears likely that caste determination in Acromyrmex ants may operate in a similar manner. The growth of ant larvae is affected by environmental cues such as nutrition and pheromones (2, (4) (5) (6) (7) , and it thus seems likely that it is the response thresholds of the larvae to these cues that are genetically determined. For example, if large workers produce pheromones that inhibit larvae from developing into the same caste (6), then larvae of genotypes with high response thresholds to the pheromones will have a greater propensity to become large workers. More detailed studies will be required to establish whether this is in fact the mechanism, and to determine when during the developmental process the switch between large worker and small worker occurs. A plastic system based on an interaction between genotype and environmental cues would allow the changes in caste ratios with colony age or in response to changes in environmental stimuli that have been recorded in some ant species (2, (36) (37) (38) . Such a system could also explain the findings of differences in caste ratios between colonies or between queens within polygynous colonies (2, (15) (16) (17) (18) , suggesting that a genetic influence on caste determination may be the case in many ants and other social insects.
It has been suggested that a genetic influence on division of labor may give genetically diverse social insect colonies greater flexibility in the allocation of workers to particular tasks, which may allow them to respond to changing needs quicker and more effectively (24) . This hypothesis has gained empirical support from studies on the flexibility of division of labor in honey bee colonies (23, 39, 41, 42) and may apply in the same way in leaf-cutting ants. Having different groups of brood responding to caste-determining factors at different threshold levels may be more flexible than if all brood were to respond at the same level. This may make the colony better able to produce the most appropriate caste allocation of brood and allow the caste ratios to be altered in accordance with changing needs more rapidly.
Our finding of a genetic influence on caste determination in leaf-cutting ants demonstrates the important roles of both nurture and nature in the development of complex polymorphisms. It also has significant implications for our understanding of the evolution of female multiple mating (polyandry) in social insects. Polyandry is hard to explain because it is associated with substantial costs, but clear benefits have proved hard to establish (43, 44) . One of the main hypotheses to explain the evolution of polyandry in the social insects is that it improves the division of labor of their colonies through intracolonial genetic polyethism (24, 25) . Until this study, evidence supporting the theory has only been found in monomorphic honey bee workers and, under the previous assumption of nongenetically determined castes, it could not have applied to species with polymorphic workers. That it occurs as well in the polymorphic leaf-cutting ants lends echinatior (Ae33, 48, 111, 112, and 113) that were large workers (shaded) or small workers (clear). Sample sizes are given in parentheses above patriline columns together with significance levels assessed by G tests comparing small worker͞large worker proportions for individual patrilines with the overall proportions for the patrilines examined ( ** , P Ͻ 0.01; * , P Ͻ 0.05).
